One of the best studied hormone-behavior interactions is the transient rise in testosterone (T) associated with male-male aggression. However, recent research on songbirds has demonstrated numerous exceptions to this pattern. One species previously thought to elevate T in response to a simulated territorial intrusion is the dark-eyed junco (Junco hyemalis). Here, we show that under most circumstances male juncos do not elevate circulating T or CORT levels in response to social stimuli, despite being physiologically capable of elevating T as indicated by their response to GnRH. The lack of hormonal response was found regardless of the sex of the social stimulus (singing male vs. soliciting female), its sensory modality (song only, song + live lure, song + taxidermic mount), or the timecourse of sampling. Notably, males did elevate T levels when exposed to a simulated territorial intrusion in the days following simulated predation of their chicks. Whether the high T seen in these narrow circumstances represents stage-dependent social modulation of T or re-activation of male reproductive physiology in preparation for re-nesting (i.e. socially independent T modulation) remains to be determined. It is clear, however, that activation of the HPG axis is highly context-specific for male juncos. These results highlight important and unresolved issues regarding the socially mediated component of the challenge hypothesis and how it relates to the evolution of hormone-mediated traits.
Introduction
Circulating testosterone (T) in male vertebrates is often elevated during periods of social instability, a pattern that has been interpreted as an adaptive physiological mechanism enabling greater investment in activity, energy mobilization, and resource or mate defense . This pattern, known as the 'challenge hypothesis', has been observed in three interconnected contexts. The first context is that of an acute social challenge, such as a male-male aggressive encounter, that leads to activation of the hypothalamo-pituitary-gonadal (HPG) axis, causing T secretion from the testes and elevation of T in circulation shortly thereafter (Marler et al., 2005; Wingfield, 1984) (referred to as male-male androgen responsiveness, or R male-male , in Goymann et al. (2007) ). The second context is seasonal variation in circulating T, which often tracks social instability, such that circulating T in males is higher during periods of territory establishment or female fertility, lower during parental phases, and even lower outside of the breeding season (referred to as seasonal androgen responsiveness, or R seasonal in Goymann et al. (2007) ). The third context relates to among-species variation in T. For instance, males in species with polygynous mating systems exhibit high levels of aggression and little parental behavior, and they usually sustain comparatively higher levels of T across the season compared to males in monogamous species that have elevated T only during territory and lower T during the parental phase (Wingfield et al., , 1982 .
Because prolonged elevation of T can be costly (Wingfield et al., 2001) , particularly with regard to reduced fecundity owing to reduced parental care , each of these patterns is thought to reflect an adaptive solution to the trade-off between mating and parental effort. For example, elevation of T is less common in single-brooded species in which extended mating opportunities are few and the benefits of paternal behavior are ongoing (Wingfield and Hunt, 2002) , or in species in which paternal care is essential Lynn, 2008) . Elevation of T may also be temporally restricted only to discrete periods of intense social instability, such as territory establishment While seasonal and interspecific components of the challenge hypothesis have been well supported in several vertebrate lineages (Hirschenhauser and Oliveira, 2006; Oliveira et al., 2002; , including humans (Archer, 2006) , a growing number of studies on songbird species have led to questions regarding the general applicability of the social component of the challenge hypothesis and how it relates to seasonal and interspecific components (Goymann, 2009; Goymann et al., 2007) . For instance, males in some species exhibit a robust seasonal pattern of elevated T that co-occurs with territory establishment, but they do not elevate T in response to a simulated territorial intrusion (STI) (e.g. Landys et al., 2007; Moore et al., 2004a,b) . Indeed a review of the literature in songbirds reveals that R seasonal maps onto species-specific indices of aggression and parental care, but R male-male does not (Goymann, 2009; Goymann et al., 2007) , and the effect sizes for R male-male and R seasonal are largely uncorrelated among species . These discrepancies not only suggest that R male-male and R seasonal may represent fundamentally different components of androgen responsiveness, but they also indicate that our understanding of when the challenge hypothesis applies and when it does not is incomplete.
Variation in methods used to assess R male-male might explain its absence in some previous studies. For example, several studies have suggested that playback alone is insufficient to bring about T elevation in circulation (Cramer, 2012; Dufty and Wingfield, 1990; Fokidis et al., 2011; Wingfield and Wada, 1989) , and other studies have reported that the use of taxidermic mounts versus live decoys can influence the strength of hormonal responses to STI (Scriba and Goymann, 2008; Scriba and Goymann, 2010) . The timecourse of STIs has also varied among studies: Most studies analyze hormonal responses within approximately 30 min of the beginning of the intrusion, but latencies from STI initiation to hormonal sampling have varied from roughly ten minutes to over two hours (Addis et al., 2013; Landys et al., 2007; Moore et al., 2004a; Van Duyse et al., 2004; Wikelski et al., 1999; Wingfield and Wada, 1989) . This wide range of temporal variation leaves null results open to the criticism that hormone levels may not have been assessed at the appropriate time.
Our primary goal in this study was to determine the circumstances under which social instability might lead to elevated testosterone. The dark-eyed junco (Junco hyemalis) is an excellent subject for this experiment because both proximate and evolutionary mechanisms shaping T-mediated phenotypes are well characterized in this species (Ketterson et al., 2009 McGlothlin et al., 2005) , and long-term studies have shown strong connections between a number of fitness-related traits and both experimentally elevated T and natural variation in T McGlothlin et al., , 2007 Reed et al., 2006) . Among-male variation in the physiological capacity to elevate T is correlated with reproductive success measured in the wild (McGlothlin et al., 2010) , suggesting that individual variation in the degree of T elevation may be evolutionarily significant. This potential androgen responsiveness, or R potential is assessed by comparing baseline T levels to those achieved after stimulation of the HPG axis with exogenous GnRH. Dark-eyed juncos also have exactly the sort of life history for which social modulation of T is thought to be selectively advantageous (Goymann, 2009; Goymann et al., 2007) . They are socially monogamous, temperate-breeding songbirds with biparental care and multiple broods per season (Nolan et al., 2002) . Seasonal variation in circulating T in male juncos closely matches the predictions of the seasonal component of the challenge hypothesis, i.e., T peaks as breeding begins, is lower during parental care, and declines at the end of the season . Importantly, though, there are conflicting findings as to whether male juncos elevate T in response to a social challenge, making it difficult to connect the wealth of knowledge on the evolution of T-mediated traits in this system with the theoretical framework of the challenge hypothesis. On the one hand, males sampled $37 min after exposure to song playback and a live male lure in the days immediately following a nest predation event had significantly higher T than they did 2-3 days earlier while they were rearing chicks . Further, males that were more aggressive in response to STI also elevated T to a greater degree in response to a GnRH challenge, suggesting that STIs act on the HPG axis in the same way as GnRH (McGlothlin et al., 2007) . On the other hand, in another study when male juncos were presented with 10-12.5 min of playback without a visual stimulus and captured approximately 30 min after the initiation of the playback, they did not show elevated T or CORT as compared to control males (Rosvall et al., 2012b) . These two studies might be taken to indicate that a long social challenge elicited a hormonal response while a brief one did not. However the studies differed in several important ways. For example, the longer challenge was accompanied by a live lure, while the shorter playback lacked a visual stimulus (i.e. no live lure or taxidermic mount). More importantly, the longer playback was performed on males whose nests had been experimentally failed just a few days earlier and whose mates were presumably fertile. Thus, the hormonal response may have reflected female fertility as opposed to the presence of a male lure. More generally, it is unclear whether variation in hormone elevation across studies in this and other species reflects the duration of the trial, the nature of the visual stimulus presented, or the reproductive state of the subject.
Here, we addressed these issues by presenting free-living male juncos with social treatments that varied in the duration of exposure to the simulated intruder (P12.5 min, P25 min, P60 min), the sex of the intruder (male accompanied by male song; female accompanied by pre-copulatory trill), and the modality of social interaction (auditory only; auditory + taxidermic mount; auditory + live lure). We did not execute all permutations of these parameters, instead prioritizing certain comparisons that would shed light upon the specific circumstances (if any) that lead to socially mediated changes in circulating hormone levels (see Fig. 1 for schematic of treatments). We also replicated to compare socially challenged males that were experimentally induced to re-nest vs. those that were not re-nesting. To assess whether any magnitude of social elevation was on par with R potential for this species, we contrasted T levels collected from socially challenged and control males with those of date-matched samples collected from other males given a GnRH challenge. While our primary focus was T, we opportunistically measured CORT levels in these plasma samples, to test whether social challenges alter CORT signaling in the periphery, as demonstrated in other species .
Materials and methods

Study area and focal animals
All procedures were approved by the Bloomington Institutional Animal Care and Use Committee (BIACUC). For this study, we captured and collected blood from 90 male juncos in the area surrounding the University of Virginia's Mountain Lake Biological Station, USA (37°22 0 N, 80°32 0 W) between 17 April and 19 May 2012. Twenty-two males were sampled before and after a GnRH challenge. Sixty-eight males were sampled after social challenges or control captures, and nine of these social challenge birds were sampled twice in response to different social treatments, separated by P5 days (range: 5-24 d, 11.3 ± 2.1 d). We did not test neighbors on the same day, and we aborted trials in which more than one male appeared, so as to avoid inadvertently capturing males on territory boundaries. Subjects were randomly assigned to a control or treatment group prior to each trial.
All subjects were in the early-to mid-breeding period, as evidenced by date, enlarged cloacal protuberances, and incidental capture of females showing brood-patches. Demographic data from the long-term study population nearby shows that the median egg one date for first nests in 2012 was 13 May (first quartile: 28 April; third quartile: 26 May). These data suggest that most males in this study were likely to have mates that were building, laying, or incubating their first nest of the season, with few males attending to offspring.
Hormonal sampling in response to social stimuli and controls
We collected hormone samples from control males and males exposed to one of 8 different social stimuli (summarized in Fig. 1 ). This portion of the study was conducted in 3 phases. Phase 1 (19 April-25 April) focused on the contrasts among controls and STIs with live lures or taxidermic mounts. Each male experienced a 12.5 min STI with either a live lure or taxidermic mount. The visual stimulus was then covered, and we waited an additional 12.5 min before attempting to capture the bird. This delay was intended to allow approximately 30 min from the initial challenge to blood sampling because T levels in circulation peak approximately 30 min after GnRH challenge , and average latencies to blood sampling in prior STIs in this system were comparable (36.9, 34.9 and 27.0 min in the protocols described in and Rosvall et al. (2012b) ) Phase 2 (27-30 April) focused on longer latencies to elevate hormones (60 min song only, 60 min live lure + song). Phase 3 (4-19 May) employed several variations on earlier social stimuli, including simulated courtship interactions that included a live female lure, STIs with shorter latencies (12.5 min), and 25 min STIs in which live lures were visible the entire duration of the trial. This final modification of the 25 min STIs from Phase 1 was included in case prolonged contact with the intruder was necessary to establish a hormonal response. These 25-min STIs were performed on either the 2nd day after a simulated predation event (replicating McGlothlin et al. (2008) ), or without any such manipulation, such that the breeding stage was likely to be building, laying, or incubating, as summarized above. Simulated predation of nestlings involved removal of nestlings to induce renesting; all pairs immediately began re-nesting, as evidenced by females observed with nesting material.
While the timing, visual stimuli and audio stimuli varied among different treatments, all audio stimuli were standardized to play at 85-90 dB measured at 1 m with a sound pressure level meter, which is a natural amplitude in this species (Nolan et al., 2002) . For each trial, we placed a speaker (Altec Lansing iM237) and iPod on the ground adjacent to a cloaked lure or mount (if present). For all trials involving a mount, we used one taxidermic mount of a male junco perched in a natural position. For live lures, we used one randomly selected sex-appropriate individual from a population of juncos maintained in captivity (n = 5 males, 5 females). We also set up and furled a mist-net out of the way of the speaker and/or lure, and we retreated at least 15 m before beginning the specific protocol summarized in Fig. 1 . At the pre-designated time, we unfurled the mist-net, re-started playback, and uncovered the lure (if present). Capture playback included a mix of junco vocalizations that prior work has shown to have no detectable effect on T or CORT signaling (Rosvall et al., 2012b) . Latencies from the pre-designated capture time to the actual capture time were: 1.99 ± 0.49 min for 12.5 min trials, 6.07 ± 1.38 min for 25 min trials, and 10.41 ± 2.90 min for 60 min trials.
For all simulated territorial intrusions, we broadcast recordings of male long-range songs that were recorded P1 km away in a previous year (see Reichard et al. (2011) for further details). Each song playback consisted of one song type repeated every 10 s for the duration of the trial. We used 8 song types recorded from 8 different males, and we balanced use of each song type by treatment. Open boxes denote the approximate duration of exposure to playback (PB) and/or a live lure or mount, as indicated. Male and female symbols denote the sex of the social stimulus. All trials simulating male intrusion were accompanied by male song, whereas trials simulating courtship interactions with females were accompanied by copulatory trills. ''0 MIN'' indicates the beginning of the trial, X indicates re-started playback (if applicable), and droplets indicate the approximate timing of blood sampling. Roman numerals are used as short-hand for these treatments in subsequent figures.
For simulated courtship interactions (hereafter, SCI), female lures were accompanied by audio playback of a pre-copulatory trill, a vocalization produced by females during a copulation solicitation display (Nolan et al., 2002) . At the time of the study, we were limited to a single high quality recording of this trill, and consequently, the audio stimulus was pseudo-replicated, though the live lure was not. Subsequent work has shown that these pre-copulatory trills are highly stereotyped among females (i.e. identical note type), making it unlikely that our stimulus was atypical (see Reichard et al., 2013) . Furthermore, we noted that all males responded to SCIs with typical courtship behaviors (e.g. ptiloerection of the body feathers, tail spreading, short-range song, lack of dives or aggression), which are the same behaviors males perform in the presence of soliciting females (Enstrom et al., 1997) .
Control hormone samples were collected from males that were captured in mist nets using targeted playback of a mix of junco vocalizations (n = 18 males; 8 in Phase 1, 10 in Phase 3). All males were captured and bled very rapidly (latency to capture: 103 ± 18 s after initiation of playback; latency to completion of blood sampling: 290 ± 26 s), suggesting that hormone levels from these males represent unstimulated levels.
Upon capture, we collected up to 150 lL of blood from the wing vein from each male into microhematocrit tubes. Males were then banded and immediately released. Blood was stored on ice in the field and centrifuged later the same day. Plasma was drawn off the top and stored at À20°C until later enzyme immunoassays.
Hormone sampling to assess response to GnRH challenge
We compared the above described control and socially challenged males to another set of males whose R potential was assessed, so that we could ask whether any T elevation seen in response to social stimuli was similar in magnitude to what can be achieved by exogenous activation of the HPG axis (R male-male vs. R male-female vs. R potential ). Fifty-six male juncos were given GnRH challenges in 2012. We randomly selected 22 of these males for our comparison, balancing for date against the control and socially challenged males described above. The methods used to assess R potential have been described in detail elsewhere McGlothlin et al., 2010) . Briefly, males were captured with seedbaited potter traps or mist-nets, and we noted the time at which each bird was retrieved from the net or trap (''capture time''). Birds were transported to the nearby laboratory, where an initial blood sample was taken (''pre-GnRH''), and we noted the time elapsed since capture. Immediately thereafter, males were injected intramuscularly with 1.25 lg of chicken GnRH (American Peptide, #54-8-23) dissolved in 50 lL of PBS. Thirty minutes later, a second blood sample was taken (''post-GnRH''). Blood samples were stored at À4°C and processed later the same day as described above (centrifugation, plasma isolation and storage).
Hormone assays
Commercially available enzyme immunoassays (EIA) were employed to analyze T (Enzo #901-065) and CORT (Cayman Chemical #500655), using 20 and 10 lL of plasma, respectively and protocols optimized for use in the junco (Clotfelter et al., 2004; Rosvall et al., 2012b) . Each EIA followed the same overall procedure: addition of a trace amount of tritiated hormone ($2000 CPM), extraction with diethyl ether (2Â for T EIAs; 3Â for CORT EIAs), evaporation with N 2 , reconstitution in ethanol (50 lL) and assay buffer (300 lL for T; 600 lL for CORT), and plating in duplicate along with a standard curve according to the manufacturers guidelines. We used extraction efficiencies to correct for incomplete recoveries (for T: 79.8 ± 0.6%; for CORT: 91.8 ± 0.3%).
We used samples repeated within and among plates to calculate intra-and inter-plate variability. For CORT, average intraplate variation was 12.2% and interplate variation was 18.4%. For T, intraplate variation averaged 4.7%. The final two plates, which included exactly half of the GnRH challenge samples in this study, inadvertently used a different inter-plate standard than the other four plates, and so we tested for an effect of plate number on pre-and post-GnRH challenge T levels. We found no effect of plate number (ANOVA: F 3,40 = 0.89, p = 0.45), and we note that interplate variation for these two plates was 10.9%, and it was 15.6% for the other four T plates.
Statistical analyses
All statistical analyses used JMP v. 10.0.0 (SAS Institute, Cary, NC, USA). Results are reported as mean ± one standard error unless otherwise noted, and all tests are two-tailed. All hormone data were natural log transformed to achieve normality.
In preliminary analyses on the control and socially stimulated males, we tested for an effect of individual bird identity on T and CORT because we sampled 9 males twice in response to different treatments. We found no significant effect of bird identity on hormone levels (ANOVA for T: F 8,17 = 0.83, p = 0.60; for CORT: F 7,15 = 1.78, p = 0.22). We also tested for and found no effect of song type on hormone levels (ANOVA for T: F 7,39 = 1.53, p = 0.19; for CORT: F 7,34 = 1.70, p = 0.14). Therefore, we did not consider individual identity or song type in further analyses of social treatments and controls.
Because we balanced social treatments by date within each phase of our experiment, but we did not balance among phases, we first separately analyzed hormone data from each of the three phases of our experiment. For T, we used ANOVA with treatment as an independent variable; for CORT, we used ANCOVA with treatment and handling time as independent variables. In cases with 2 or more treatment groups per phase, we used Tukey HSD tests to contrast specific social treatments within each phase. We included handling time in CORT analyses but not in T analyses because handling times were shorter than the time frame on which T is thought to change, but long enough that CORT might be affected (3.57 ± 0.19 min from net to bleed end, n = 77, range: 1.65-10.97 min). To further minimize handling time effects, we did not include the few samples with >5 min handling time in our CORT analyses, thus reducing the sample size for CORT to n = 69. As a further test of these handling time effects on CORT, we followed this analysis with an ANOVA of only those Phase 3 STIs in which males were bled within 3.5 min of capture (i.e. a time frame short enough that handling induced CORT changes ought to be negligible), asking whether male CORT levels were significantly different among control vs. 12.5 min STI vs. 25 min STI males.
As a secondary tool to contrast results from all three phases, we used linear regression to analyze all treatment groups collectively, while controlling for date (in both T and CORT models) and handling time (CORT model only), followed by post hoc Tukey HSD tests to contrast the specific social stimuli and controls.
Handling times for birds receiving GnRH challenges vs. controls/social stimuli were sufficiently different so as to preclude direct comparison in these models (average latency from capture to pre-GnRH bleed = 38.4 ± 4.3 min), so we used a paired t-test to assess the effect of GnRH administration on T levels. We used Pearson correlations to examine relationships between pre-challenge T, pre-challenge CORT, and post-challenge T. Finally, we used unpaired t-tests to contrast pre-GnRH T and CORT levels with those of control males from the social challenge component of the experiment, and to contrast post-GnRH T levels with those of any social treatment that led to elevated T.
Results
None of the social treatments had significant effects on T levels, except for exposure to a 25-min STI after a simulated predation event, i.e. while females were re-nesting (Table 1 , Fig. 2A-C) . None of the social stimuli had significant effects on circulating CORT levels ( Table 2 , Fig. 3A-C) . Post-hoc analyses on only those Phase 3 males that were bled very rapidly also show no differences in CORT (ANOVA: F 2,19 = 0.36, p = 0.70), and they reveal that males had typical baseline levels of CORT (back transformed mean ± se for controls: 13.9 ± 3.2 ng/mL, for 12.5 min STI: 10.7 ± 1.7 ng/mL, for 25 min STI: 12.1 ± 4.1 ng/mL).
Regression analyses that collectively analyzed all social treatments and controls supported these same results. For testosterone: R GnRH challenges significantly increased T levels (paired t-test: t 1,21 = 6.90, n = 22, p < 0.0001), on average by 3.84 ± 0.54 ng/mL (range: À0.50 to 9.61 ng/mL, first quartile: 2.18 ng/mL, 3rd quartile: 5.75 ng/mL, Fig. 2D ). Pre-challenge and post-challenge T were not correlated (r = 0.27, n = 22, p = 0.23). Males with higher CORT had significantly lower pre-challenge T (r = À0.50, n = 20, p = 0.025, Fig. 4) , suggesting a stress-induced reduction in plasma T. However, circulating CORT levels prior to GnRH challenge had no detectable relationship with T levels post-GnRH challenge (r = 0.021, n = 20, p = 0.93). Consistent with the interpretation that the lower T in males given GnRH challenges was stress-related, control males that were captured and bled immediately on their territories had significantly higher T levels and significantly lower CORT levels compared to males that were transported to a central laboratory prior to GnRH challenge (For T, unpaired t-test: t 1,38 = 2.36, p = 0.024; for CORT: unpaired t-test: t 1,34 = 5.85, p < 0.0001, Fig. 3D ). GnRH-induced T levels were significantly lower than T levels seen in males sampled after STIs while their females were re-nesting (unpaired t-test: t 1,24 = 2.47, p = 0.021).
Discussion
Socially mediated shifts in hormones are thought to facilitate behavioral and physiological responses to the social environment; however, emerging evidence suggests that social interactions may not always affect circulating hormones as initially hypothesized, at least not in many songbirds (Goymann, 2009; Goymann et al., 2007) . Here, we staged a series of social interactions with freeliving male juncos to ask which social conditions, if any, bring about changes in T or CORT. Our findings reveal significantly elevated T only in males that experienced a simulated territorial intrusion while females were re-nesting following removal of their chicks (simulated predation). Males did not elevate T after STIs at other stages of breeding, nor after simulated courtship interactions. We also found that neither the duration of STIs nor the sensory modality was related to whether or not males elevated T in response to an STI. These failures to elevate T occurred despite clear evidence that males can elevate T in response to exogenous GnRH. While some species appear to socially modulate CORT instead of T , we found no evidence of such a CORT response. Thus, under most circumstances, male dark-eyed juncos do not appear to socially modulate T or CORT.
These findings resolve methodological concerns from prior examinations of the socially mediated component of the challenge hypothesis (R male-male ) in juncos Rosvall et al., 2012b) , and they therefore make it clear that modulation of T induced by social challenges is either absent or highly context specific (i.e. it occurs only while re-nesting). We further extend these conclusions from the realm of social challenges and into that of social opportunities by showing that males also do not elevate T in response to simulated courtship interactions. Like other recent additions to the growing list of exceptions to the challenge hypothesis (e.g. , the life history of the junco is similar to species that do elevate T in response to social Table 1 ANOVA results for testosterone, with each phase of the experiment analyzed separately. Post-hoc Tukey tests are reported for analyses with P3 treatment groups. See Fig. 1 for summary of treatments and phases. challenges. Further, there are well-established linkages between T and phenotypic evolution in this species (Ketterson et al., 2009 McGlothlin et al., 2005 McGlothlin et al., , 2010 , highlighting important and unresolved issues regarding the socially mediated component of the challenge hypothesis (R male-male ) and how it relates to the evolution of hormonemediated traits.
Methodology does not affect social modulation of hormones
By using a variety of social treatments, we were able to discount the role of several methodological variants that have made some prior tests of the challenge hypothesis difficult to interpret, and in doing so, our results demonstrate that presence or absence of modulation of T in male juncos relates more to a biological issue (re-nesting) than a methodological one. For example, our use of live lures and taxidermic mounts showed that the sensory modality of the simulated intruder did not affect hormone signaling. Paired with prior work that measured hormone responses to auditory playbacks alone (Rosvall et al., 2012b) , these data show that neither playback, nor playback accompanied by a visual stimulus alters T or CORT signaling in this system.
In addition, we varied the length of exposure to the stimulated territorial intrusion, from approximately 1 min in controls to P12.5, 25, and 60 min in other treatments. Most other studies that report a T rise in response to a social challenge find it within this timeframe (Gleason et al., 2009; Goymann, 2009; Goymann et al., 2007; Hirschenhauser et al., 2003; Oliveira et al., 2002 ; but see Wikelski et al., 1999) , and exogenous treatment with LH or GnRH also leads to a sharp T rise within this timeframe (Deviche et al., 2012; Jawor et al., 2006) , suggesting that our results are unlikely to be a consequence of sampling before T has elevated, or after return to baseline.
Some studies suggest that a T response to an aggressive challenge may require that a focal male wins the interaction Gleason et al., 2009; Oliveira, 2009) , and the nature of STIs (protracted singing from an intruder without retreat) might not sufficiently mimic natural contests that yield a winner and loser. Among males sampled P25 min after the intrusion began, we varied whether the live male lure was visible and whether song playback continued during the entire trial or not, providing an opportunity for an apparent retreat on the part of the simulated intruder, though we did not detect T elevation in any of these treatments.
By comparing control and socially challenged males to males treated with GnRH challenges, our findings lend support to the hypothesis that a lack of social T elevation was also unrelated to physiological inability to elevate T . Furthermore, T levels seen in males that were re-nesting were roughly an order of magnitude higher than date-matched control samples, suggesting that males may be capable of elevating T, but they do not do so in responses to most STIs.
A final methodological consideration in tests of the challenge hypothesis is whether controls accurately represent unstimulated males, given that free-living territorial songbirds hardly live in social isolation. In this study, T levels measured in control males are comparable to established seasonal profiles of baseline T in this species from other research. Specifically, baseline T levels were $3-4 ng/mL at the beginning of the study, and they declined to $1 ng/mL near the end of the study . We note that the trend towards slightly higher T in the Phase 1 control males is largely driven by one male whose T was nearly twofold higher than any other Phase 1 male (18.4 ng/mL). Without this point, the back-transformed mean for this group is only 3.3 ng/mL.
Under what circumstances do males elevate T and why?
The challenge hypothesis predicts that males elevate T in response to a social challenge because elevated T is adaptive in the face of social instability . Hypotheses posed to explain the adaptive advantage of a socially insensitive HPG axis have pointed to single-broodedness, short breeding seasons, or the essential nature of paternal care Wingfield and Hunt, 2002) because, in each of these circumstances, there is a greater premium for males to focus on caring for Table 2 ANCOVA results for corticosterone, with each phase of the experiment analyzed separately. Whole model results are followed by results for each fixed effect (treatment, handling time). Post-hoc Tukey tests are reported for analyses with P3 treatment groups. See Fig. 1 young instead of vying for females or territorial position, and elevated T can interfere with parental care. Juncos from our population, however, are not single-brooded, nor do they have essential paternal care. Pairs regularly raise 2-3 broods per season, and the breeding season lasts approximately 4 months (Nolan et al., 2002) . In addition, although male juncos provision nestlings and defend them against predators (Nolan et al., 2002) , experimental male removals have shown that females can almost fully compensate for reduced paternal care (Wolf et al., 1990) , suggesting that juncos do not have 'essential' paternal care. Thus, based upon the life history of the junco, we should expect males to elevate T in response to social challenges, but under most circumstances they did not. In the one situation in which males did elevate T, we cannot yet distinguish between two options: (1) that systemic T elevation in response to STI is highly stage-specific, such that males socially elevate T only while their mates are re-nesting, or (2) that social challenges in the form of STIs have no direct effect on T signaling, and the elevated T seen in these males was entirely a consequence of the loss of their brood and subsequent fertility of their mates. Full resolution of this issue will require future work to compare hormonal response to STI in males whose mates are re-nesting with unchallenged controls in this same breeding stage. However, certain results from this study and others shed light on the relative likelihood of stage-dependent social modulation of T vs. stagedependent -but socially independent -modulation of T.
On the one hand, stage-dependent modulation of T is quite common. For example, males often show seasonal changes in T, with peaks reported while males are establishing territories and attracting mates, and again as males begin their second broods . Male juncos indeed have an early season peak of T that is on par with the level of T we found in the re-nesting males (Deviche et al., 2000; Ketterson et al., 2005) , though we are not aware of data that address whether male juncos elevate T after a failed nesting attempt without a concomitant social challenge. Data from other North American sparrows also demonstrate an elevation of T when re-nesting after a failed attempt (Wingfield and Farner, 1979; Wingfield and Goldsmith, 1990) , even though such an elevation does not occur when re-nesting is after a successful brood (Wingfield and Moore, 1987) . These data suggest that the presence of chicks induces a state of quiescence for the HPG axis Calisi et al., 2011) , and removal of chicks in the form of predation is sufficient to release males from this dampened HPG axis, resulting in stage-dependent modulation of T.
To what degree, then, might this stage-dependent modulation of T be driven by stage-dependent social interactions? Seasonal or breeding stage variation in T may reflect the sum of all social and environmental effects on T; however, direct comparisons of seasonal androgen responses and male-male social androgen responses show that the two are not necessarily related (Goymann, 2009; Goymann et al., 2007) , suggesting that they may be regulated by different internal and external factors. In some species, males are known to elevate T when presented with a fertile female (see Goymann, 2009 and references therein) . In our study, however, we found that experimental exposure to a simulated courtship interaction did not yield an acute hormonal response, even though males were motivated to interact with the female lure, as evidenced by our observation that all SCIstimulated males performed courtship behaviors including lowamplitude vocalizations, ptiloerection, tail-spreading, etc. (Rosvall, pers. obs.) . Thus, these simulated courtship interactions were not sufficient to bring about T elevation, though longer exposure times should be investigated in the future, particularly since there are other species in which females stimulate hormonal changes in males even when male-male interactions do not (Moore, 1982) .
4.3.
Implications for the evolution of T-mediated traits and social modulation of T As described above, adding the dark-eyed junco to the list of exceptions to the acute (social) component of the challenge hypotheses is surprising in light of the species life history. One possibility for this discrepancy relates to the evolutionary history of the dark-eyed junco. The species complex is thought to have diversified rapidly in the last 10,000 years (Mila et al., 2007) , and most subspecies breed in high altitude or high latitude forests. Reproductive timing has been shown to be quite plastic in other junco subspecies (Yeh and Price, 2004) , and thus, it is feasible that multi-broodedness is a derived state in the junco, and hormonal mechanisms have not yet evolved alongside the long breeding seasons that now characterize this population and subspecies. Another interpretation is that breeding season length and the extent of male parental care may not drive evolutionary changes in social modulation of hormones. To date, however, attempts to relate interspecific variability to other life history variables have met with limited success (Goymann, 2009) , highlighting the need for more comparative study.
The role of the junco in the field of evolutionary endocrinology is also worth considering in light of our findings. found that the degree to which a male elevates T in response to a GnRH challenge was significantly and positively correlated with T levels measured immediately following an STI performed while females were re-nesting after simulated predation of their chicks. At the time, there were fewer known exceptions to the challenge hypothesis, and these results were interpreted as supporting the hypothesis that R potential is a good proxy for the natural elevation in T seen in response to male-male social challenges (R male-male ). Other studies also showed that GnRH-induced T levels or the GnRH-induced rise in T predicts individual variation in a number of male phenotypes, including aggression (McGlothlin et al., , 2007 , further suggesting that the ability to elevate T may underlie natural variation in phenotype.
Our current results show that social modulation of T is largely absent in the junco, except possibly during the period of time when females are re-nesting. Thus, the established links between R potential and aggression are unlikely to be caused by the lasting effects of prior social elevations of T that have primed animals to be more or less aggressive. We note, however, that individual variation in T levels and in neural sensitivity to T both co-vary with individual differences in aggression (Rosvall et al., 2012a) , suggesting that T still plays a role in the regulation of aggression, even if T is not acutely regulated by male-male social interactions. Rather, it may be that aggressiveness co-varies with individual differences in how the HPG axis responds to seasonally varying circumstances (see Goymann, 2009; Goymann et al., 2007) , such as shifting demands related to sperm production or mate guarding. In addition, genetic or developmental effects may shape both HPG axis reactivity and aggression, without a causal link between the two (McGlothlin et al., , 2010 . R potential is repeatable among males , it co-varies with the degree to which males elevate T in at least one naturally occurring life history transition (i.e. re-nesting after predation of chicks), and it relates to fitness in wild juncos (Cain and Ketterson, 2012; McGlothlin et al., 2010) , suggesting that understanding variation in androgen responsiveness is still an important issue, even in species where socially mediated changes in T are at most highly context-specific, if not absent.
The role of corticosterone
Recent work suggests that some species that do not socially modulate T secretion might instead show a CORT response to an acute social challenge (Landys et al., , 2010 Van Duyse et al., 2004) . We did not detect social modulation of CORT in this study, though we note that latencies from capture to completion of blood sampling were marginally longer that what is ideal to assess baseline CORT (Angelier et al., 2010) . Thus, values reported here may not reflect baseline, as indicated by the significant effect of handling time we observed on CORT levels. In addition, all control males were also captured using targeted playback, though prior work in this system has shown that short playbacks have no detectable effect on CORT signaling (Rosvall et al., 2012b) . Further, in a post hoc comparison using all Phase 3 STIs of various durations in which males were bled within 3.5 min of capture (i.e. a timeframe in which minimal handling-induced CORT elevation should occur), we found no apparent differences between CORT levels from controls, males captured after 12.5 min STIs, and males captured after 25 min STIs. Thus, while we cannot fully discount the possibility of transient or marginal social elevation in CORT, it is clear that juncos do not show the robust CORT response seen in some other species (e.g. Van Duyse et al., 2004) . Importantly, juncos are not characterized by the life history traits that have been associated with social modulation of CORT in previous studies (Goymann, 2009; Goymann et al., 2007; Landys et al., 2007) , and thus, the lack of CORT responses seen here is consistent with existing hypotheses regarding hormonal response to social challenge.
Our results also revealed that T levels from males captured on their territories and bled immediately thereafter (all social treatments and controls) were significantly higher than those from males that were transported to a central laboratory prior to blood sampling and GnRH challenge. We hypothesized that these differences were due to significant differences in handling times between these two sets of males (3.6 ± 0.2 min vs. 38.4 ± 4.3 min). Consistent with this view, pre-GnRH challenge CORT levels were high (Fig. 3D) , and we observed a significant negative relationship between T and CORT in the pre-GnRH challenge samples (Fig. 4) . On the other hand, CORT levels were unrelated to post-GnRH challenge T levels, suggesting that handling stress may not directly impact the ability to respond to GnRH, but instead may relate to stress-related effects on the balance between HPG activation versus clearance or metabolism of T. Indeed, the HPA axis is known to affect HPG axis functioning (e.g. Deviche et al., 2010) , but more work is needed to understand these interactions.
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